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(57) ABSTRACT 


A depth-sensitive imager for imaging a scene in three dimen- 
sions. The depth-sensitive imager comprises a light source 
configured to project a polarized illumination onto a surface 
ofthe scene, and a detector configured to capture an image of 
the scene by detecting light from the scene, in which image a 
polarization state of the light is encoded. The detected light 
includes a portion ofthe polarized illumination reflected from 
the surface. The depth-sensitive imager further comprises an 
analyzer configured to generate output responsive to a dis- 
tance between the light source and the surface based on the 
image. 
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DEPTH-SENSITIVE IMAGING VIA 
POLARIZATION-STATE MAPPING 


BACKGROUND 


High-speed computing enables a wealth of sophisticated 
optical-imaging techniques. For instance, an image of a scene 
may be captured with the aid of a camera, and then processed 
to yield at least some three-dimensional information about 
the scene. Such techniques, referred to herein as ‘depth-sen- 
sitive scene imaging’ are used in fields as varied as video 
gaming and military ballistics. 

Various depth-sensitive imaging techniques are known. 
Some involve capturing an image of a scene onto which a 
pulsed or structured illumination is projected. The depth of 
the objects and surfaces in the scene may be resolved by 
analyzing intensity information of the pulsed or structured 
illumination. With such techniques, however, adequate depth 
resolution may depend at least partly on being able to resolve 
the reflected illumination amid a background of ambient 
light. 


SUMMARY 


Therefore, one embodiment provides a depth-sensitive 
imager for imaging a scene in three dimensions, the scene 
comprising at least one surface. The depth-sensitive imager 
comprises a light source configured to project a polarized 
illumination onto the surface, and a detector configured to 
capture an image of the scene by detecting light from the 
scene. Accordingly, the detected light includes a portion of 
the polarized illumination reflected from the surface. A polar- 
ization state of the light is encoded in the image captured by 
the detector. The depth-sensitive imager further comprises an 
analyzer configured to generate output responsive to a dis- 
tance between the light source and the surface based on the 
image. Inasmuch as the distance between the light source and 
the surface is a measure of the depth of the surface into the 
scene, the output provides three-dimensional, depth-sensitive 
information, which can be used in a wide range of applica- 
tions. The information contained in the polarization state 
encoded in the reflected image can enable the detector to 
distinguish between light reflected from ambient light 
sources and light reflected from the illumination system. 

It will be understood that the summary above is provided to 
introduce in simplified form a selection of concepts that are 
further described in the detailed description, which follows. It 
is not meant to identify key or essential features of the 
claimed subject matter, the scope of which is defined by the 
claims that follow the detailed description. Further, the 
claimed subject matter is not limited to implementations that 
solve any disadvantages noted above or in any part of this 
disclosure. 


BRIEF DESCRIPTION OF THE DRAWINGS 


FIG. 1 shows a simplified, perspective view of an example 
scene that may be interrogated via polarization-state mapping 
in accordance with the present disclosure. 

FIG. 2 shows a cross-sectional plan view of the example 
scene of FIG. 1 and a depth-sensitive imager in accordance 
with an embodiment of the present disclosure. 

FIG. 3 shows a filter set in accordance with an embodiment 
of the present disclosure. 

FIG. 4 shows a magnified view of a section of a polariza- 
tion filter in accordance with an embodiment of the present 
disclosure. 


20 


25 


30 


35 


40 


45 


50 


55 


60 


65 


2 


FIG. 5 shows an image ofthe scene of FIG. 1 in accordance 
with an embodiment of the present disclosure. 

FIG. 6 illustrates an example method for imaging a scene in 
three dimensions in accordance with an embodiment of the 
present disclosure. 


DETAILED DESCRIPTION 


The subject matter of the present disclosure is now 
described by way of example and with reference to certain 
illustrated embodiments. It will be noted that the drawings 
included in this disclosure are schematic. Views of the illus- 
trated embodiments are generally not drawn to scale; aspect 
ratios, feature size, and numbers of features may be purposely 
distorted to make selected features or relationships easier to 
see. 

FIG. 1 shows a simplified, perspective view of an example 
scene 10 that may be interrogated via polarization-state map- 
ping as described herein. The scene includes various objects 
and surfaces arranged at different depths, i.e., distances from 
the point of view of an observer located in front of the scene. 
Surface 12 is deepest in the scene (farthest from the point of 
view of an observer). Surface 14 is arranged forward of sur- 
face 12 (closer to the point of view of the observer), and 
surfaces 16, 18, and 20 are arranged forward of surface 14. 
Thus, the surfaces considered presently are macro surfaces, 
having dimensions of the same order of magnitude as the 
dimensions of the scene. It will be noted, however, that the 
systems and methods disclosed herein are not limited to such 
surfaces, but will also allow the examination of much smaller 
areas of a structured macro surface, e.g., the interrogation of 
rough or irregular topologies, etc. 

In addition to being arranged at different depths within the 
scene, the various surfaces shown in FIG. 1 are oriented 
differently with respect to each other and the observer. Sur- 
faces 12 and 14 are oriented normal to the observer's line of 
sight, while surface 16 is oblique to the observer's line of 
sight. Moreover, curved surfaces 18 and 20 present a continu- 
ous range of orientations relative to the observers's line of 
sight. 

The surfaces shown in FIG. 1 may also present different 
textures. For instance, surface 20 may be relatively smooth 
compared to underlying surface 18. Optically, the different 
textures of the scene may exhibit different light-reflecting 
properties. For example, surface 20 may be largely specularly 
reflective, while surface 18 may be largely scattering. 

FIG. 2 shows a cross-sectional plan view of scene 10. The 
figure also shows depth-sensitive imager 22 in one example 
embodiment. The depth-sensitive imager is an optical system 
configured for imaging a scene in three dimensions; it com- 
prises controller 23, light source 24, detector 26, and analyzer 
28. 

Controller 23 may be any control device configured to 
control light source 24, detector 26, and analyzer 28—e.g., to 
trigger, coordinate, and/or synchronize the functioning of 
these components. The controller schematically illustrated in 
FIG. 2 includes memory M and processor P, which is config- 
ured to write to and read from the memory. Although shown 
in the drawing as discrete boxes, the memory and the proces- 
sor may be functionally distributed in any number of physical 
devices located anywhere, or they may be co-located in the 
same physical device. Moreover, the memory may include 
any combination of optical memory, magnetic memory, and 
semiconductor memory; it may include read-only memory as 
well as read-write memory. The memory may be configured 
to store various forms of data and to store logic instructions 
which enable at least the functionality described herein. 
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Accordingly, the processor may be configured to execute 
such logic instructions and thereby enact the described func- 
tionality. In some embodiments, the controller may be part of 
a general-purpose or application-specific computer sys- 
tem—a gaming console, a personal computer system, a tar- 
geting or tracking system, as examples. In some embodi- 
ments, the controller and the analyzer may be integrated parts 
of the same computer system, while in other embodiments, 
the analyzer may be a distinct, separate device having 
memory and a processor as described above. Further, one or 
both of the controller and the analyzer may be operatively 
coupled to various peripheral or integrated input and output 
devices—display systems, keyboards, pointing devices, etc. 

Light source 24 may be any suitable light source config- 
ured to project a polarized illumination onto the various sur- 
faces of scene 10. In the embodiment shown in FIG. 2, the 
light source comprises laser 30 and disperser 32. The laser 
provides a beam of intense, collimated, coherent, and sub- 
stantially monochromatic light of a known polarization state. 

The term *polarization state' as used herein encompasses 
any non-trivial indication of the direction or sense of oscilla- 
tion of light; the indication may be precise or approximate, 
complete or incomplete. One example of a complete polar- 
ization state is a full Stokes-vector representation comprising 
the components So, S,, S, and S,, which are defined as 


So7 AE, +E? 
S,71E,P- E.P 
Sj-|E,P-IE,P 


S,-IEj?-IE,P?, 


where E, and E; are complex amplitude components of the 
electric field in a basis (1,2), (8, $) is the standard Cartesian 
basis, (a,b) is the Cartesian basis rotated 45°, and (Lf) is a 
circular basis defined so that 1=(%+i9)/V2. Examples of an 
incomplete polarization state are the degree of polarization p, 
defined by 


γ9 153451 


ΡΞ 5; ; 


and the linear polarization orientation 1, defined by 
2w-arctan(S/S,). 


Continuing in FIG. 2, laser 30 may, in some embodiments, 
bea continuous-wave (CW) laser; in other embodiments, the 
laser may be pulsed, mode locked, Q-switched, etc. The 
power of the laser included in light source 24 may be chosen 
based on the scene to be imaged, with a more powerful laser 
being used for more distant and expansive scenes, and a less 
powerful laser being used for closer, more compact scenes. In 
addition to the power, the lasing wavelength of the laser may 
be chosen based on the scene to be imaged. In particular, the 
lasing wavelength may be chosen to overlap minimally with 
ambient light present in the scene—room light or natural 
light, for example. In one embodiment, the lasing wavelength 
may be a near-infrared wavelength. 

Disperser 32 may be any device configured to disperse the 
collimated beam from laser 30 among a range of projection 
angles and thereby illuminate the scene with a plurality of 
polarized features spaced apart from each other. In the 
embodiment shown in FIG. 2, the polarized features form a 
patterned or otherwise structured illumination 33 of the 
known polarization state of laser 30. FIG. 2 shows the laser 
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beam dispersed over a range of deflection angles confined to 
a horizontal plane. In the illustrated embodiment, the deflec- 
tion angles assume discrete values separated by a constant 
increment, e.g., -20?, -15°, . . . , +20°. In other embodiments, 
the laser beam may be dispersed horizontally over a continu- 
ous range of deflection angles. It will be understood that the 
numerical ranges noted herein are examples only, and other 
ranges fall fully within the scope of this disclosure. 

Disperser 32 may further disperse the laser beam over a 
range of deflection angles confined to a vertical plane. Like 
the horizontal dispersion described above, the vertical disper- 
sion may be discrete or continuous. If horizontal and vertical 
dispersions are both discrete, then the scene will be illumi- 
nated by an array of polarized dots. If the vertical dispersion 
is discrete, but the horizontal dispersion is continuous, then 
the scene will be illuminated by a series of polarized horizon- 
tal stripes. And, if the horizontal dispersion is discrete, but the 
vertical dispersion is continuous, then the scene will be illu- 
minated by a series of polarized vertical stripes, as further 
referenced below. 

In order to disperse the laser beam, disperser 32 may com- 
prise various optical components—lenses, mirrors, 
waveguides, masks, and the like. In some embodiments, the 
disperser may further comprise various active components— 
electromechanical actuators, choppers, piezoelectrics, and 
liquid-crystal light valves, for example. 

Continuing in FIG. 2, detector 26 may be any device con- 
figured to capture an image ofa scene by detecting light from 
the scene, in which image a polarization state of the light is 
encoded. Accordingly, the captured image may consist of a 
polarization-state map of the scene, in contrast to a more 
typical light-intensity map. Further, as shown in FIG. 2 the 
detector may be oriented so that the captured image includes 
at least part of the scene illuminated by light source 24. In this 
manner, a portion of the polarized illumination reflected from 
the various surfaces of the illuminated scene is detected by the 
detector. 

That the captured image is polarization-based instead of 
intensity-based gives depth-sensitive imager 22 a significant 
advantage. Ambient light can effectively ‘wash out’ an illu- 
mination projected onto a scene. As a result, the light reflected 
from the scene may comprise a relatively large background of 
reflected, ambient light superposed on the desired signal, i.e., 
the reflection of the projected illumination. Such ambient 
light, by inference, is typically unpolarized. As such, even 
relatively bright ambient light can be virtually invisible in a 
polarization-based image. Therefore, in contrast to intensity 
mapping, polarization-state mapping offers an opportunity 
for improved signal-to-noise in configurations where the pro- 
jected illumination is strongly polarized. In particular, the 
polarization state encoded and/or the Stokes vector may be 
used to improve the signal from the illumination source to the 
signal from the ambient light source. 

As shown in FIG. 2, detector 26 includes collimating lens 
34, filter set 36, focusing lens 38, and camera 40. For purposes 
of illustration, FIG. 2 shows three light rays reflecting from 
the surfaces of the illuminated scene. These light rays are 
collected by the collimating lens and directed through the 
filter set. On exiting the filter set, the light rays are focused 
onto the aperture of camera 40 via the focusing lens. 

Camera 40 may be any camera sensitive to the polarized 
illumination of light source 24 and suitable for capturing an 
image of the scene; in embodiments where the light source 
comprises a near-infrared emitting laser, for example, the 
camera may be a near-infrared sensitive camera. Further, the 
camera may be a digital camera configured to represent the 
captured image as an array of pixels. As such, each pixel ofthe 
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captured image may encode a polarization state of light 
reflected from a different region of the scene. Alternatively, 
the polarization state of the light reflected from a given region 
of the scene may be encoded in a plurality of pixels of the 
captured image, as further described below. 

FIG. 3 schematically shows filter set 36 in one, example 
embodiment. The filter set includes wavelength-selective fil- 
ter 42 and polarization filter 44. The wavelength-selective 
filter may be a low-pass, high-pass, or band-pass filter, for 
example. It may be virtually any dichroic or color filter con- 
figured to transmit light of one wavelength range while reject- 
ing light of another wavelength range. The wavelengths trans- 
mitted by the wavelength-selective filter may be chosen to 
match the illumination wavelength of light source 24, e.g., the 
lasing wavelength of laser 30. Other embodiments fully con- 
sistent with this disclosure may include more than one wave- 
length-selective filter, or none at all. 

Polarization filter 44 may be any optical filter configured to 
restrict the transmission of light based on the polarization 
state of the light. In one embodiment, the polarization filter 
may transmit light of a restricted range of polarization states, 
and reject light outside that range. The restricted range may 
correspond to a particular orientation of the polarization 
plane of the light with respect to a fixed frame of reference- 
vertically polarized, horizontally polarized, etc., or, the 
restricted range may correspond to left or right circular polar- 
ization of the light. Accordingly, the entire image captured by 
camera 40 may be formed from light of the same restricted 
range of polarization states. In other embodiments, however, 
the restricted range of polarization states may vary from one 
region of the captured image to another, as further described 
below, with reference to FIG. 4. 

FIG. 4 schematically shows a magnified view of a section 
of polarization filter 44 in another example embodiment. 
Polarization filter 44 includes an array of windows through 
which light reflected from the scene is transmitted before 
being focused on camera 40. Thus, the light forming each 
region of the image is transmitted through a group of adjacent 
windows of the array. Each window is itself a polarization 
filter that transmits light of a restricted range of polarization 
states and rejects light outside that range. However, polariza- 
tion filter 44 includes four different kinds of windows, each 
kind restricting the light it transmits to a different range of 
polarization states, e.g., to a unique polarization state, as 
further described below. Incorporating such a filter, the ana- 
lyzer may be configured to determine some or all of the 
Stokes vectors of the light forming the image. 

In FIG. 4, the four different kinds of windows are identified 
by the symbols A, B, C, and D. In one embodiment, window 
A may transmit light having a polarization plane aligned 
vertically, window B may transmit light having a polarization 
plane aligned 90 or 270° from vertical, window C may trans- 
mit light having a polarization plane aligned 45 or 135° from 
vertical, and window D may transmit right-circularly polar- 
ized light. It will be understood, however, that these designa- 
tions are provided purely by way of example, and that other 
designations are fully embraced by this disclosure. 

In the embodiment shown in FIG. 4, the four different 
kinds of windows are distributed over the surface of the 
polarization filter such that any 2x2 grouping of adjacent 
windows includes one window of each kind. Assuming that 
each window of polarization filter 44 maps to a corresponding 
light-detecting element of camera 40, each 2x2 grouping of 
adjacent elements will manifest detailed information about 
the polarization state of the light reflecting from a localized 
region of the scene. Accordingly, detector 26 may be config- 
ured to encode in the captured image the polarization state of 


= 


0 


un 


5 


25 


40 


45 


50 


6 


the light reflected from numerous localized regions of the 
scene. In one embodiment, a complete polarization state map 
of the scene may be encoded, from which map a full Stokes- 
vector representation of the scene may be assembled via 
subsequent processing. 

FIG. 4 illustrates a polarization filter configured to stati- 
cally resolve up to four different polarization-state compo- 
nents. In other embodiments, however, a movable (e.g., rotat- 
ing) polarization filter having a plurality of different windows 
may be used. The movable polarization filter may select a 
polarization-state that changes with time. Further, selection 
of the polarization state may be synchronized to acquisition 
of the image, so that a different, known polarization state is 
selected for successively acquired images. In such embodi- 
ments, a polarization-state map of the scene may be encoded 
in a short series of acquired images (e.g., four acquired 
images). 

Returning now to FIG. 2, analyzer 28 may be any device 
configured to generate output responsive to a distance 
between light source 24 and one or more surfaces of scene 10 
based ona polarization state encoded in an image. In doing so, 
the analyzer may extract some or all of the polarization-state 
information associated with various localized regions of the 
image. Further, the analyzer may, in some embodiments, 
reconstitute the polarization-state information in another 
form to facilitate further processing. Such other forms may 
contain polarization-state information as complete as the 
information originally encoded in the captured image. For 
example, the analyzer may compute a full Stokes-vector rep- 
resentation of the image and use it to generate the output. In 
other embodiments, however, such other forms may contain 
polarization-state information less complete than the infor- 
mation originally encoded in the captured image. For 
example, the analyzer may compute a degree-of-polarization 
or linear-polarization-orientation representation of the image 
and generate the output based on such a representation. 

In some embodiments, analyzer 28 may time the arrival 
(i.e., the appearance) of a polarization state in a series of 
images captured by detector 26 and compute the distance 
based on the arrival time. In other words, the analyzer may be 
configured to generate the output based on a delay of the 
reflected portion of the polarized illumination arriving at the 
detector. In this embodiment, controller 23 may trigger laser 
30 to deliver to scene 10 a short pulse of polarized illumina- 
tion. The controller may synchronously (e.g., simulta- 
neously) trigger the detector to begin capturing, in rapid suc- 
cession, a series of images of the scene. The analyzer may 
then analyze the series of images to determine how long it 
takes the polarization state of the laser pulse to register in 
specific regions ofthe image. Regions where the polarization 
state registers promptly correspond to surfaces of the scene 
relatively close to light source 24; regions where the appear- 
ance of the polarization state is delayed correspond to sur- 
faces farther from the light source. The analyzer may be 
configured to use such ‘time of flight’ data to generate output 
in which the various surfaces of the scene are associated with 
a corresponding depth. 

In other embodiments, where the polarized illumination 
comprises a plurality of polarized features spaced apart from 
each other, the analyzer may be configured to generate the 
output based on where the polarized features appear in the 
image, as further described below with reference to FIG. 5. 

FIG. 5 shows an image 46 of scene 10 in one, non-limiting 
embodiment. The illustrated image is one in which the scene 
is illuminated by a light source 24 that disperses polarized 
illumination continuously in the vertical direction and dis- 
cretely in the horizontal direction. Accordingly, the scene is 
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illuminated by a series of vertical stripes having a fixed polar- 
ization state, a portion of this illumination appearing in the 
image. Because of the indicated dispersion geometry, adja- 
cent vertical lines illuminating nearer surfaces of the scene 
(closer to light source 24) are closer together, and adjacent 
vertical lines illuminating surfaces deeper into the scene (far- 
ther from the light source) are spread farther apart. This 
observation may be generalized based on the principles of 
Euclidean geometry to yield a quantitative triangulation 
method for obtaining depth information. In particular, trian- 
gulation may be applied to obtain depth information for any 
region of a surface where two or more of the vertical stripes 
are resolved in the image. In one embodiment, input param- 
eters for the triangulation method include a spacing between 
adjacent polarized features and an angle between adjacent 
polarized features. It will be understood, however, that other 
embodiments are contemplated which do not rely particularly 
on the ability to resolve adjacent polarized features at all 
times. Triangulation is equally applicable to embodiments 
where the polarized illumination is dispersed in other con- 
figurations, e.g., dots, horizontal stripes, etc. Thus, analyzer 
28 may be configured to geometrically analyze the captured 
image and thereby generate output in which the various sur- 
faces of the scene are associated with a corresponding depth. 
For purposes of illustration, one example result is shown by 
the distance markers in FIG. 5. 

In each of the embodiments described above, analyzer 28 is 
configured to sense depth by identifying regions ofa captured 
image where the encoded polarization state substantially 
matches the originally projected polarized illumination 33 
provided by light source 24. However, other embodiments are 
contemplated in which the analyzer identifies regions of the 
image where the polarization state has changed relative to the 
polarized illumination of the light source. In such embodi- 
ments, the analyzer may generate output further responsive to 
a condition of the surface. Accordingly, the analyzer may be 
configured to assess the condition by comparing the polariza- 
tion state encoded in the image to a polarization state of the 
originally projected polarized illumination. 

In one such embodiment, analyzer 28 is configured to 
assess an orientation of one or more surfaces ofa scene. When 
light is incident on a surface and is at an oblique angle reflects 
off a surface with some amount of specular reflection the 
electric-field vector oscillating parallel (S polarized) to the 
surface will be reflected differently than the electric-field 
vector oscillating perpendicular (P polarized) to the surface. 
This action causes the polarization state of the light reflected 
from the surface to differ from that of the incident light in a 
predictable way, based on the orientation of the surface. 
Therefore, by knowing the polarization state of the polarized 
illumination from light source 24, and by measuring the 
polarization state of the reflected portion of the polarized 
illumination encoded in the image, the analyzer may compute 
the orientation of the surface based on the principle identified 
above. Accordingly, the output generated by the analyzer may 
indicate the orientation of one or more surfaces of the scene, 
as shown by the slope markers in FIG. 5. 

In another embodiment, analyzer 28 may be configured to 
assess a texture of one or more surfaces of a scene. For 
example, when plane polarized light reflects off a rough sur- 
face, numerous reflections occurring at the randomly oriented 
microsurfaces of the rough surface may partially or com- 
pletely randomize the polarization state ofthe light, based on 
the same principle noted above. Thus, by knowing the polar- 
ization state of the polarized illumination provided by light 
source 24 and by measuring the polarization state of the 
reflected portion of the polarized illumination encoded in the 
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image, the analyzer may assess how rough the surface is. 
Accordingly, the output generated by the analyzer may indi- 
cate a roughness of various surfaces ofthe scene, as shown by 
the roughness labels in FIG. 5. 

The configurations described herein enable various meth- 
ods for imaging a scene in three dimensions. Accordingly, 
some such methods are now illustrated, by way of example, 
with continued reference to the above configurations. It will 
be understood, however, that the following methods, and 
others fully within the scope of this disclosure, may be 
enabled via other configurations as well. 

FIG. 6 illustrates an example method 48 for imaging a 
scene in three dimensions, the scene comprising one or more 
surfaces. 

Method 48 begins at 50, where a polarized illumination is 
projected onto the one or more surfaces of the scene. The 
polarized illumination may be projected by a light source 
comprising a laser (e.g., light source 24). Further, the polar- 
ized illumination may be continuous or pulse modulated. In 
some embodiments, the polarized illumination may comprise 
a plurality of features spaced apart from each other. 

Method 48 then advances to 52, where an image of the 
scene is captured by detecting light from the scene, the light 
including a portion of the polarized illumination reflected 
from the one or more surfaces of the scene. In the captured 
image, a polarization state of the light is encoded. In one 
embodiment, the polarization state may be so complete that a 
full Stokes-vector representation of the scene may be 
assembled via subsequent processing. In other embodiments, 
the polarization state may include less information. The 
image may be captured by a detector comprising a filter bank 
and a camera (e.g., detector 26), as described herein. 

Method 48 then advances to 54, where the image is ana- 
lyzed to generate output responsive to a distance between the 
light source and the surface based on the image. In one 
embodiment, the analysis may comprise computing a full 
Stokes-vector representation of one or more regions of the 
image, and generating an output based on the full Stokes- 
vector representation. In other embodiments, the output may 
be based on a less complete description of the polarization 
state of the one or more regions-a degree of polarization or 
linear polarization orientation, for example. In some embodi- 
ments, the polarization state may be determined for each pixel 
of the image. In other embodiments, however, the polariza- 
tion state may be determined for regions of the image com- 
prising a plurality of adjacent pixels. 

In embodiments where the polarized illumination com- 
prises a plurality of polarized features spaced apart from each 
other, the output may be further based on where the polarized 
features appear in the image. In other embodiments, where 
the polarized illumination and the detector are pulse modu- 
lated, the output may be based on a delay of the portion ofthe 
polarized illumination arriving at the detector. 

Continuing in FIG. 6, method 48 advances to 56, where a 
slope ofthe surface is assessed by comparing the polarization 
state encoded in the image to a polarization state of the polar- 
ized illumination. The method then advances to 58, where a 
texture of the surface is assessed by comparing the polariza- 
tion state encoded in the image to a polarization state of the 
polarized illumination. 

It will be understood that some of the process steps 
described and/or illustrated herein may in some embodiments 
be omitted without departing from the scope of this disclo- 
sure. Likewise, the indicated sequence of the process steps 
may not always be required to achieve the intended results, 
but is provided for ease of illustration and description. One or 
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more of the illustrated actions, functions, or operations may 
be performed repeatedly, depending on the particular strategy 
being used. 

Finally, it will be understood that the systems and methods 
described herein are exemplary in nature, and that these spe- 
cific embodiments or examples are not to be considered in a 
limiting sense, because numerous variations are contem- 
plated. Accordingly, the present disclosure includes all novel 
and non-obvious combinations and sub-combinations of the 
various systems and methods disclosed herein, as well as any 
and all equivalents thereof. 


The invention claimed is: 

1. A depth-sensitive imager for imaging a scene in three 
dimensions, the scene comprising a surface, the depth-sensi- 
tive imager comprising: 

alight source configured to project a polarized illumination 
onto the surface; 

a detector configured to capture an image of the scene by 
detecting light from the scene, in which image a polar- 
ization state of the light is encoded, the light including a 
portion of the polarized illumination reflected from the 
surface; and 

an analyzer configured to generate output responsive to a 
distance between the light source and the surface based 
on the image. 

2. The depth-sensitive imager of claim 1, where the surface 

is one of a plurality of surfaces within the scene arranged at a 
corresponding plurality of distances from the light source, 
and where the output is further responsive to the plurality of 
distances based on the image. 

3. The depth-sensitive imager of claim 1, where the light 
source is configured to project the polarized illumination with 
a plurality of polarized features spaced apart from each other, 
and the analyzer is configured to generate the output based on 
where the polarized features appear in the image. 

4. The depth-sensitive imager of claim 1, where the light 
source is pulse-modulated, the detector is synchronized to the 
light source, and the analyzer is configured to generate the 
output based on a delay of the portion of the polarized illu- 
mination arriving at the detector. 

5. The depth-sensitive imager of claim 1, where the polar- 
ization state is sufficient to enable a full Stokes vector repre- 
sentation of the image to be assembled. 

6. The depth-sensitive imager of claim 1, where the ana- 
lyzer is configured to generate the output based on a degree of 
polarization determined for each of a plurality of regions of 
the image. 

7. The depth-sensitive imager of claim 1, where the ana- 
lyzer is configured to generate the output based on a linear 
polarization orientation determined for each of a plurality of 
regions of the image. 

8. The depth-sensitive imager of claim 1, where the output 
is generated responsive to a condition of the surface, and the 
analyzer is further configured to assess the condition by com- 
paring the polarization state encoded in the image to a polar- 
ization state of the polarized illumination. 

9. The depth-sensitive imager of claim 8, where the condi- 
tion comprises a texture of the surface. 
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10. The depth-sensitive imager of claim 8, where the con- 
dition comprises an orientation of the surface. 

11. The depth-sensitive imager of claim 1, where the light 
source comprises a laser. 

12. The depth-sensitive imager ofclaim 1, where the detec- 
tor comprises a polarization filter through which the light is 
transmitted before being detected. 

13. The depth-sensitive imager of claim 1, where the detec- 
tor comprises an array of windows through which the light is 
transmitted before being detected, where light forming each 
region ofthe image is transmitted through a group of adjacent 
windows of the array, and each window in the group of 
adjacent windows transmits light of a unique polarization 
state. 

14. A method for imaging a scene in three dimensions, the 
scene comprising a surface, the method comprising: 

projecting a polarized illumination onto the surface; 

capturing an image ofthe scene by detecting light from the 
scene, in which image a polarization state of the light is 
encoded, the light including a portion of the polarized 
illumination reflected from the surface; and 

analyzing the image to generate output responsive to a 
distance between the light source and the surface based 
on the image. 

15. The method of claim 14, further comprising computing 

a full Stokes vector representation of the image. 

16. The method of claim 14, where the output is generated 
based on a degree of polarization determined for each region 
ofthe image. 

17. The method of claim 14, where the output is generated 
further based on a linear polarization orientation determined 
for each region of the image. 

18. The method of claim 14, where the output is generated 
responsive to a texture or orientation of the surface, and the 
analyzer is further configured to assess the texture or orien- 
tation by comparing the polarization state encoded in the 
image to a polarization state of the polarized illumination. 

19. A depth-sensitive imager for imaging a scene in three 
dimensions, the scene comprising a surface, the depth-sensi- 
tive imager comprising: 

a laser configured to project onto the surface a polarized 
illumination comprising a plurality of polarized features 
spaced apart from each other; 

a camera configured to capture an image of the scene by 
detecting light from the scene, in which image a degree 
of polarization ofthe light is encoded, the light including 
aportion ofthe polarized illumination reflected from the 
surface; and 

an analyzer configured to triangulate a distance between 
the laser and the surface based on a spacing between 
adjacent polarized features in the image and further 
based on an angle between the adjacent polarized fea- 
tures in the polarized illumination. 

20. The depth-sensitive imager of claim 19, where the laser 
is configured to emit at a near-infrared wavelength, and the 
camera is configured to detect light ofthe near-infrared wave- 
length. 


